Abstract-We report and demonstrate a singlemode asymmetric tapered fiber as a refractive index (RI) sensor based on evanescent field sensing. The proposed setup managed to sense the changes of RI when the tapered region was exposed to different concentrations of Sodium chloride (NaCl). This was possible due to the output interference spectrum shifting in response to the changes of RI. Different environmental sensitivities were achieved by manipulating the transition lengths of the tapered fiber. Experimental results depict RI sensitivities of 3914.7 nm/RIU (refractive index unit) and 3395.7 nm/RIU for taper profiles with down-taper transition lengths of 2 mm and 8 mm, respectively, which is higher than previously reported asymmetric taper RI sensors. Such findings may find itself beneficial in low cost, reliable and simplified sensors.
I. INTRODUCTION
Tapered optical fiber refractometers have been gaining quite the attention in the recent decade, especially when it comes to the development of highly sensitive sensors. As refractive index (RI) measurements hold a vital role in many biological fields, the development of such technology finds tapered fibers' unique advantages to be quite beneficial. This includes the immunity to electromagnetic interference, compact in size, cost effective, and highly sensitive to the surroundings [1] . Up until today, a number of sensing systems have been developed with the integration of several components including surface plasmon resonance [2] , a Fabry-Perot interferometer [3] , and a few types of resonators [4, 5] .
The fundamental concept of sensing with a tapered fiber is simply the interaction of evanescent waves with the analyte sample [6] . Yet, to achieve good sensing, the properties and behaviour of light propagating within and along the tapered region must be fully understood. Studies have shown that the dimensions of the tapered fiber hold great influence towards light propagation within the region [7, 8] . Therefore, aside from adding accessory components to the system, we believe the enhancement of sensitivity relies heavily on the geometries of the tapered region itself.
A few studies have been reported on the manipulation of the tapered fiber's dimensions including a recent work proposed by [9] that achieved a sensitivity value of 1913nm/RIU by sandwiching a tapered multi-mode fiber in between two single-mode fibers. Another study used a single-mode tapered optical fiber as a transducer for biological sensors [10] which achieved a sensitivity around 1500 nm/RIU.
Our work describes two tapered fibers with different transition lengths as potential transducers towards the development of a highly sensitive refractometry sensor.
II. SENSING PRINCIPLE
The properties of light modes propagating within a fiber is determined by the fiber's geometry and RI of both the core and cladding layers. The number of modes that can be confined within a fiber is determined by the V-number [7] which is given by: single-mode fibers are only able to support the lowest order mode while the remaining higher order modes would either loss in the surroundings or propagate outside the core and decay exponentially. The latter is commonly referred to as the evanescent waves. For a tapered fiber, the reduction of core size within the tapered region resulted to a larger than usual RI difference between the core and the cladding layers, making it possible for the cladding layer, which is now the surrounding medium, to support and allow the propagation of evanescent waves.
As previously mentioned, the evanescent waves decay exponentially in the direction normal to the core-cladding interface [11] . Aside from RI, the penetration depth, p d , of the evanescent waves depend highly on the incident angle which the inverse relationship between these parameters [7] can be expressed as:
where λ is the wavelength of incident light, 1 n and 
where 0 R and L R are the initial core radius and the tapered region core radius, respectively, and t L is the down taper transition length. A tapered fiber can enhance the power fraction of the evanescent waves and the sensor's sensitivity by manipulating its geometries that will result to a larger taper angle. In this work, transition lengths were varied to obtain conditions as such.
The exposure of the tapered region to the analyte sample will allow the interaction of evanescent waves with the compound, whether the compound would either absorb the waves or let it scatter in a different orientation. Upon reaching the up taper transition region, these waves would penetrate the corecladding interface once more and coupled back to the lower order modes propagating within the core. The coupling will result an interference spectral response at the output end of the fiber [12] and the light transmission can be defined by: 
with the assumption that there are core modes with intensity 1
I and cladding modes with intensity 2 I .
Phase difference, ΔΦ is referred to the difference of phase between the two modes which is expressed as:
where eff n Δ is the difference between the effective refractive indices of the fiber's core and cladding along the waist length ( co
L is the waist length of the tapered area, and λ is the input wavelength. The interference spectral response is due to the coupling of the two modes that are not in phase with one another and the fringe spacing of two interference patterns is given by:
where 0 λ is the wavelength of the light source. Based on equation (6), eff n Δ has an inverse relationship with fringe spacing, hence, an increase in RI of the analyte sample will shift the interference pattern to the bigger wavelength region and vice versa. The fundamental of the sensing process for the proposed setup relies heavily on these shifts.
III. METHODOLOGY
Throughout the whole experiment, tapers were fabricated using a standard single-mode fiber (Lucent Technologies AllWave) with core and cladding dimensions of 8u and 125 um, respectively. Preparation of fibers prior to the fabrication process included removing the sheathing layer at the taperingintended region with a stripper and cleansed with isopropanol. The machine used for fabrication was the GPX-3000 Glass Processing and Fusion Splicing machine (Vytran) that had capabilities to perform precise tapering catered to dimensions that we have 978-1-4799-8475-6/15/$31.00 ©2015 IEEE 2015 IEEE International Broadband and Photonics Conference, Bali, 23-25 April 2015 set. Fig. 1 shows the dimensions of a tapered fiber. Two taper profiles were tested in this experiment as tabulated in table 1. Uniformity and reproducibility of fabricated tapers were controlled by standardising the pulling speed and heat at constant values of 1mm/s and 42 W, respectively. Fig. 1 Dimensions of a tapered fiber Table 1 Taper profiles used throughout the experiment
Fig. 2 Experimental Setup
After tapers were fabricated, the tapered region was secured in the groove of a customised sensing platform to be tested with different concentrations of Sodium chloride (NaCl). Concentrations of NaCl used for the manipulation of RI were 0.1M, 0.2M, 0.3M, 0.4M, 0.5M, 0.6M, 0.7M, 0.8M, 0.9M and 1.0M and prepared following the dilution method that satisfied the equation, M1V1 = M2V2. Prior to the experiment, RI readings for each concentration was taken using a digital pocket refractometer (ATAGO). Both ends of the tapered fibers were later connected to a broadband light source (Amonics ALS 18-B-FA) and an optical spectrum analyser (AQ6331 Yokogawa) with singlemode pigtails as shown in fig. 2 .
IV. RESULTS AND DISCUSSION

Characterization of taper profiles AT1 and AT2
Fig . 3 Output spectra of fibers (A) before the tapering process; (B) profile AT1; (c) profile AT2 Fig. 3 compares the profile spectra of a singlemode fiber before the tapering process, and once it was subjected to taper profiles AT1, and AT2. AT2 resulted to a larger transmission loss of 15.98 dB compared to the 2.8 dB transmission loss AT1 obtained when measured at λ = 1550 nm. This was probably because AT2 had a larger tp β compared to AT1 which could have contributed to the refraction of more power modes into the cladding region and to more loss. However, this favours the increase of the penetration depth and allow more evanescent waves to interact with the analyte sample.
4.2
Taper response at different concentrations of NaCl To understand the manipulation of cl n as proposed in this experiment, we confirmed the relationship between the concentration of NaCl used and its refractive indices to be proportional with a correlation coefficient value of r 2 =0.9886 as shown in the Fig. 4 . Therefore, exposing the tapered area to increasing concentrations of NaCl will increase the cl n accordingly. 
4.3
Sensitivity of AT1 and AT2 as a refractive index sensor In achieving good sensitivity, the aim is to obtain the longest wavelength distance to represent 1 refractive index unit (RIU); nm/RIU. In this experiment, sensitivity of each taper profile was analysed with a trend line fitted to the experimental data of wavelength shift response to their respective refractive index change. Fig. 6 depicts a higher sensitivity for taper profile AT2 at 3914.7 nm/ RIU with a correlation coefficient value of r 2 =0.9509, compared to AT1 at 3395.7 nm/RIU with a correlation coefficient value of r 2 =0.9333. With reference to equation (2), we suggest that it is as such due to the larger penetration depth AT2 had when compared to AT1. We also believe the less abrupt up taper transition length AT2 had compared to AT1 allow less interference at the output end, thus setting the interference pattern slightly further apart from one another. However, additional research regarding the effects of up taper transition lengths is needed for confirmation. With the sensitivity obtained being better than sensors reported in [13] , the proposed sensor can find itself the alternative to go for in all 978-1-4799-8475-6/15/$31.00 ©2015 IEEE 2015 IEEE International Broadband and Photonics Conference, Bali, 23-25 April 2015 kinds of applications, mainly in biomedical and chemical fields.
V. CONCLUSION
As a conclusion, this work investigated the potential of an asymmetric tapered fiber as a highly sensitive refractive index sensor by analyzing two proposed tapered profiles and its effects towards the changes of RI. Regardless of its large transmission loss, AT2 achieved the best sensitivity of 3914.7 nm/RIU with its down taper length and angle at values 2 mm and 3.234°, respectively. A highly sensitive, reliable and cost effective sensor as proposed in this work may contribute greatly in today's diagnostics.
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